
I l 

NPA/Int. 68-18 
25.7.1968 

SOME CONSIDERATIONS ON HIGH ENERGY NEUTRINO EXPERIMENTS 
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The Role of Serpukhov in Future Neutrino Experiments 

One of the consequences of the operation of the new proton 

accelerator at Serpukhov is that neutrino experiments at higher 

energies and with more intense fluxes are now feasible. In res

ponse to an invitation from our colleagues at Serpukhov, we have 

assembled some scientific and technical data which are relevant to 

the planning of a neutrino facility and its experimental programme. 

We have concluded, from the considerations in the pages which follow, 

that neutrino experiments at the 76 GeV accelerator will make unique 

and decisive contributions in the field of the weak interactions. 

Inte~actions of high energy neutrinos 6ave been studied at 

Brookhaven 7 (l) CERN( 2 ,J) and Argonne(~) with installations having 

the spectra shown in Fig. 1. A few tens of events per day have been 

obtained in bubble chambers and a few hundreds per day in spark 

chambers. Preliminary estimates of event rates at Serpukhov(5,G) 

and, for comparison, from a JOO GeV(?) accelerator, are also shown 

in Fig. 1 7 together with improvements which will come, over the 

next few years, from new power supplies and injectors for the present 
. 1 .. t . (B) acce .. era ors. 

It is clear from Fig. 1 and also from Fig. 2 7 which depicts 

event rates for various detectors, that a neutrino programme 

starting in 1972 could not oe marirndly superior to the programmes 

at CERN and BrookhaYen in the energy region bGlow 5 GeV. These 

laboratories either have already, or in an advanced stage of con

struction, neutrino beam installations, machine intensity improve

ment programmes and giant bubble chamber detectors. During the 

next four years they will have accumulated a substantial body of 

data on the more common reactions of neutrinos and antineutrinos 

on nucleons for which the cross-sections reach their asymptotic 

limits below 5 GeV. 

The essential justification for a neutrino installation 

at the 76 GeV accelerator must therefore rest on the assessment of 

the physics programme possible with neutrino energies above 10 GeV • 

PS/66~3 
. . . . 
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It is our opinion that this programme is of fundamental importance. 

Possible experiments which will be described in outline in this 

report, and which are oriented specifically to high neutrino energies, 

may be summarized briefly as follows : 

(1) Experiments having as their aim the extension of the studies 

of neutrino processes which have been made at existing 

accelerators. An important example is the investigation 

of total and differential cross-sections on nucleons in 

the high-energy region. The behaviour of these cross

sections is crucial for tho detection of the expected 

breakdown of the local current-current hypothesis. 

Neutrino experiments at Serpukhov would extend the range 

of such measurements from the region of up to 10 GeV, 

accessible today, to 40 or 50 GeV. 

(2) A neutrino installation at Serpukhov would allow the study 

of interactions whose thresholds were not previously 

attainable. As examples of this type of experiment, we 

mention the elastic scattering of muon neutrinos by 

electrons which has a threshold energy of 10 GeV, and 

the certainty of producing and detecting the intermediate 

boson w, if its mass is less than 5 GeV. This latter 

possibility is still perhaps the most urgent of all 

neutrino experiments,(*) especially in view of several 

t th t . 1 ·· ... v ( 9) t. ,;, recen eore·1ca specuka~~oJs sugges 1ng aw mass 

in the region of a few GeV. 

(J) In discussing the justification of a higher-energy facility, 

the possibility of the discovery of new and unexpected 

phenomena must be borne in mind. Some of the many poss

ibilities which have been discussed in theoretical studies 

in this field are mentioned later. 

(*) "In any event, experimental studies of weak interactions at 
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high energies and especially the search for W quanta, constitute 
some of the most important future problems (of particle physics)" 
A. Pais - Physics Today 21, 25, 1968. 

.... 



(4) Finally, exporiments at Serpukhov, even if oriented to high 

onerg~ will yield of c •Urse many lower energy events 

1rhich will re.oul t in invaluable and independent contrib-

utions to the study of amplitudes and form-factors for 

the common trar,.si tions. They will provide QD assured 

programme of research because of the great wealth of data 

which will be obtainable, but as we hnvo stated already, 

we do not maintain that they are a primary justification 

for the neutrino programme. 

Both wide n.nd narrow band neutrino beams have 
( (-j ) 

been considered. , 

The wide-band systc2m optimized for the neutrino flux above 10 GeV 

seems to be superior for the ty~e of progra~ne envisaged, since prac-

tically all experiments require a wide range of neutrino energy with 

the maximum possible flux. Detailed calculations based on a scaled-

up version of focusing elemant parameters, shielding requirements 

and fluxes of the present CERN system have been carried out. 

It has been assumed that the neutrino interactions would be 

detected in large bubble charabers like SKAT or MIRABELLE and also, 

for selected processes, in massive spark chamber arrays. The ex-

pected numbers of events have b0en computed for ~n experiment using 
18 

J x 10 protons on the target of the magnetic horn, probably about 

1 million pulses with the accelerator intensity then available. 

They are listed in the following pages, but it is useful to summarize 

some of them here : 

(a) A search for the intermediate boson could usefully be carried 

PS/661.tJ 

out with both bubble chambers and spark chambers. For 

Mw = ~ GeV, about 600 events would be expected in SKAT 

filled with CF Br. 
3 

The corresponding number for Mw = 6 GeV 

is 10 events. For such masses, the pionic decay mode of 

the W would probably dominate, and certainly for Mw\< 5 GeV, 

such boson events would be readily detectable against the 

general inelastic background. 
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(b) With a massive spark chamber, the leptonic decay mode of W 

would be detectable in much more certain conditions than 

were possible in the CERN and Brookhaven experiments. 

For M = ~ GeV, there would be 70 identifiable events 
w 

per 100 tons of spark chamber, assuming a leptonic branching 

ratio of only 1%. For M ) 5 GeV, background effects from w . . 
direct lepton pair production, itself of great intrinsic 

interest, become important. 

(c) Bubble chambers, both hydrogen and heavy-liquid, are es

pecially suitable for studies of high-energy neutrino-
,. 

nucleon cross-sections. In general such interactions are 

of high multiplicity and might be best studied using SKAT 

filled with freon and possibly also equipped with plates. 

Tbis would ensure good identification of the outgoing 

lepton, which is essential. Some 500 events for ~ neutrino. 

energy above JO GeV would be obtained in such an exposure. 

Hydrogen or deuterium chambers would be more suitable for 

investigating the detailed epergy dependence of cross

sections in the simpler channels of elastic reactions and 

single pion production. 

(d) It is feasible to attempt.to detect at Serpukhov, for the 

first time, examples .. of neutrino-electron elastic scatt

ering with a massive spark chamber array. Such cxperir.wnts 

would give more inf6rmo.tion on the four lepton interaction 

than cnn be obtained from muon decay, the only process of 

this type experimentally accessible at present. For the 

inverse reaction v + e--~ µ- + v ,about 100 events could . . µ e 

PS/6643 

be obtained per 100 tons of detector. These events would 

have a very characteristic appearance; just a single 

muon of energy above 20 GeV which would be within an angle 

o~ less than 7 mrad to the neutrino direction. The prob

lems of background are considerable, but not insurmountable. 

.... 
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During our studies, we have become increasingly aware that 

by their very nature, higher energy neutrino experiments will be more 

difficult than all previous neutrino experiments. For example, many 

of the experiments described below, depend much more critically on 

a reliable determination of the neutrino flux than any previous ones. 

They will demand extremely careful preparations, from the choice of 

the scientific aim to the construction of the apparatus and the op

eration and analysis of the experiment. The host of problems which 

will arise will provide many stimulating challenges to experimentalists; 

their solution is also an essential stage in the evolution of neutrino 

experiments which are again considered as a fundamental justification 

for the JOO GeV and other future accelerators. 

We are of the opinion that it is completely justified to 

devote the intellectual and material scientific effort which is essen

tial to this ~ield of research. High energy neutrino experiments are 

the only means by which the phenomena of weak interactions can be 

studied over an extensive range in energy and momentum transfer. 

Neutrino experiments with a 76 GeV accelerator give the only poss

ibility, during the next decade, of investigating many of tho most 

fundamental problems of the weak interactions. 

OUTLINE OF A POSSIBLE PHYSICS PROGRAMME 

2.1. Search for the Intermediate Vector Boson W • 
. ------------------------------------------------

(10) . (11) 
The neutrino experiments performed at CERN · and Brookhaven 

have put a lower limit of about 2 GeV/c 2 on the mass of the inter

mediate vector boson. It has been clear for some time that a large 

increase in the lower limit for the m~ss cannot be obtained merely 

by increases in flux or· detector size at existing accelerators. 

This is not simply because the boson yield falls off sharply with 

increasing masn, but rather that once a low value of the boson prod

uction cross-sections is reached, background contributions from 

other processes become overwhel~ing. Thus, any substantial increase 

in the limit on Mw can only come from the use of higher energy neutrino 

beams. 

• ••• 
PS/6643 
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(A). Production and Decay of W - Boson 

Wu et a1! 12 ) have considered elastic W production by the 

processes 

where Z represents either a nucleus or a single nucleon. Cross
r:i 

sections were calculated up to M = 2.5 GeV/c~ and neutrino energy 
w 

of 20 GeV. These cross-sections have been extrapolated to M ,~,4 GeV 
w 

and Ev----,,; 40 GeV; the errors from the extrapolation should not exceed 

a factor of 2. Fig. 3 shows the integral rate as a function of M 
w 

for various spectra. 

2 For W-bosons of mass greater than 2 GeV/c , many decay modes 

are possible. e.g.: 

+ + 
(a) w ---1 µ + vp. 

e+ + Ve (b) 

n;+ + n;O (c) 

K+ + -n;O (d) 

p + n (e) otc .•. 

The decay rates for (a) and (b) can be estimated reliably and for 

M ) 2 GeV/c 2 they put an upper limit on the mean life of the W-boson 
w -19 

of 10 sec. The decay rates for processes (c), (d), (e) etc., are 
.(13) difficult to estimate, however Yamaguchi has argued that the 

branching ratio into modes (a) and ( b) should tend to -~-,l/10 as M -7 c>0 w . 

PS/6643 .... 
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(B). Detection of Pionic Decays of the W-Boson 

An exposure of the heavy liquid chamber SKAT in a neutrino beam 

would be an excellent means of studying the pionic decay modes. It 

would be necessary to identify the negative muon among the many mesons 

in an event. For this purpose a plate system in the chamber would 

increase the number of interaction lengths available. 

A major problem would be to distinguish boson events from the 

background of inelastic interactions not involving real bosons. 

Fig. \4 shows the differential boson rate as a function of Ev for 

various Mw. For comparison, the inelastic rate is shown for a cross

section of the form ()'"""= o.6 x lo-3 8 Ev cm2/nucleon, suggested by the 
. . (14) 

early CERN experiments. The boson rate for Mw ~J4 GeV would be 

more than 12% of the total rate for neutrino energies well above the 

threshold. 

To identify the boson events, the following criteria could be 

applied 

a) A cut in Ev to select candidates well above the W-threshold. 

For Mw ,,.._,. 4 GeV, the cut could be Ev> 20 GeV, so that the in

elastic background would be reduced. 

b) A cut in Eµ-· For Mw> 2 GeV, the accompanying µ- will have 

momentum less than 20% of the neutrino momentum, since the W 

and the µ- will have low relative momentum in their centre of 

mass system. A cut Eµ-< 0.2Ev might eliminate 75% of the in

elastic events, without removing many boson events. 

With these criteria, and for M "'-' 4: GeV /c2, boson candidates 
w 

should show a signal to noise ratio of ""j 1: 1 in the pion invariant 

mass distribution. 

From Fig. 4: it can be seen that a 1 million pulse exposure 
2 could extend the boson search to a mass ~ 4 GeV /c if the pionic 

branching ratio were "''0.5. 

PS/6643 .... 
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(C). Detection of the Leptonic Decays of the W-Boson 

The exposure of SKAT considered above would also yield excel

lent data on the decay mode w+~ e+ + v. There is very little back-, e 

ground in this mode ( ~ 1 event in t,i,50 in the CERN experiment ( l/,i,)). 

If the branching ratio for leptonic modes were> 0.1, then a lower 
..• 2 

limit of 4 GeV/c could be placed on the mass of the w. 

+ 
The decay mode w+--; µ + Vµ would also be observed in the bubble 

chamber, but since the detection depends on the identification of muon 

pairs by their penetration, a better method would be to use a large 

spark chamb.er assembly, where more interaction le~gths are available. 

Boson production by th~· high average neutrino energy at Serpukhov 

would yield highe~ e~erg; muon pairs than in all preceding experiments. 

Their greater range would permit a much better discrimination of muons 

from pions, which is a difficulty in certain aspects of earlier work. 
1.,1: •• 

The use of spark chambers with iron plates up to 50 cm thick would 

be feasible and would yield some 7000 events ,Per 100 tons for M ,,,_.. 4 GeV 
18 ' ' ' ' w 

and 3.10 protons on the horn target. Even for a branching ratio 

W+ -7 µ + + v of only 1%, a b'oson could be detected. up to the limit 
. :: 

M ~,,5 GeV, at which stage the alternative mechanisms of muon pair 
W. 

production become important. 

Recently, several theoretical papers have•appeared giving es

timates. of the boson mass. A value of order 8 GeV' is obta.ined from 

current algebra predictions in K-')2tc(l 5 ) and of ·ot-d'.er' lr''GhV' from per

turbation theory and the observed KL,:;. K8 ·mass diffEirence~( 9 ) 
(: ; 

2.2. Direct Lepton Pair Production 

Cross-sections for processes of the type : 

Vµ + Z _..., Vµ + µ + +. µ- + Z , have been calculated by Czyz, 

d W 1 k <16 > h. ;d · d t.h. f 11 · d" · . Sheppey an a ec a, w_o consi ere e o owing 1agrams : 

PS/6643 .... 
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Their results are shown in Fig. 5. 

If the search for muonic decays of the W-boson showed that its 

mass > 5 GeV/c 2 and that backgrounds were sufficiently low, one could 

envisage the construction of a larger detector in order to study the 

process. For example, an exposure of an iron plate spark cha.mber 
' 18 
to 3 x 10 protons on the horn target would yield rJ 10 events of this 

type per 100 tons of detector. 

2.3. Cross-Sections in the Very High Energy Region 

The concept of the four-fermion point weak interaction gives 

an excellent account of muon decay and other low-energy weak inter

actions but extrapolates to impossible results at very high energies. 

For example, s-wave e-v scattering_~ould lead to a cross-section 

violating the wave-theory limit (~) at a centre of mass energy of 

300 GeV. ln a correct theory, such difficulties would presumably be 

removed by introducing non-localities in the form of a mediating boson 

and contributions from higher order graphs. However, attempts to take 

into account higher order processes in general lead to divergences. 

It is well to remember that the only known second-order weak inter

action is the K - K transition with .6. S = 2, the resulting KL - Ks 

mass difference yielding a finite experime~tal result. This has been 

interpreted in terms of cut-offs, or a finite boson mass of under 4 GeV. 

Lee and Yang(l?) assuming only the local current-current inter

action hypothesis, have expressed the differential cross-section for 

the process v + N -7 µ + N* in the form : 

= 

PS/6643 

A(q~ M*2) 

E 2 v 
+ 

.... 
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where M* is the mass of the hadronic final state and A, B and C are 

structure factors. Tbis E·iiinple quadratic form follows directly from 

the local current assumption. :. f this assumptio.t .. were invalid 1 orhJ 

would in general expect a much more complicated dependence of the 

cross-section with, for example, terms depending on the differences 

of lepton energies. If non-local effects occur at high q2 and at 

high Ev 1 then they may be detectable at Serpukhov, where it will be 

possible to have accer.rn to a completely unexplored region of momentum 

transfer and centre of waas energy several orders of magnitude above 

the values where the conventional theory is known to hold rigorously. 

If an anti-neutrino run ware also performed, then it would be 

"bl t t + th ., 1 " ' th th d d b Adl (lB) poss1 e o es~ . e 'sura ru es oy e me o propose y _ er, 
. . . t a u·v dtfv 

which is to J.nvest1gate whe her -d ,.., - -- tends to a constant value. qc:, dq?. 

The Pomeranchuk theorer:i leads to equality of the asymptotic 

total cross-section for particle and anti-particle interactions. 

Further detailed considerations of dispersion relations(l 9 ) have led 

to ~symptotic relations for cross-sections for strangeness non-changing 

processes v1hich could be te[~ted in neutrino and anti-neutrino ex-

periments. The relations are : 

0 ') - a2 0-cvp) 20-a'-'() ( Vp) a"'u(vL) d ( vn) 
·----·~ <') 

dq 2dM* 2 
') 0 0 ') 

dq''ctM* 2 dq'·'dM*"" dq"'dM*'·-· 

where the cross-sections are integrated over all combinations of hadrons. 

As with all studies involving the energy dependence of cross-sections, 

the higher neutrino energy at Serpukhov is advantageous. The rates 

of elastic and inelastic neutrino interactions to be expected in various 

detectors at Serpukhov are given in Table 1. 

PS/66L~J 
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2.4. Neutrino-Electron Scattering 

Neutrino-electron elastic scattering is in principle the best 

way to investigate the behaviour of weak interactions at high energy 

and high momentum transfer without complications from strong inter

action structure. Unfortunately the range of momentum transfer 

available with a 76 GeV machine is only of the same order as that 

in muon decay, so that deviations from the classical four-fermion 

point interaction are likely to be negligible. Nevertheless, it is 

most important to demonstrate this interaction with free neutrinos, 

with all the flexibility and choice of variables which collision 

processes permit, in contrast to decay processes. 

The reactions which can occur are : 

I Threshold 
Cms. angular Approximate 

Reaction distribution of Cross-Section 

I 
Energy 

charged lepton Dependence 

1) e- -7 µ- 10.8 GeV isotropic 
G2 ( 2mEv - Mt:: 2)2 

vfl + + v ~ 

e n; 2mEv 

2) Ve + - -7 e - + Ve 0 isotropic G2 
• 2mEv e -n; 

J) ve + --7 e - + ve 0 (1-cos 9*)2 1 G2 e ! - • 2mEv 
3 n 

- - - e*)2 G2 2 0 
4) Ve + e- .___, J.l + v 10.8 GeV (1-cos 1 ( 2mEv - M "') ·~ 

µ :!:!-..~ 
3 n 2mEv 

! I 

I I I 

The reactions (1) and (2) show strong forward peaking of the charged 

lepton in the laboratory system, e l 

E '""_, J 1000 Ev (GeV) 

. (du) G2E2 
The forward cross-section (dSl)Oo,...,_,, n; 2 has the same value 

as for the reaction Vµ + n-1 µ- + p on a free neutron target. For the 

antineutrino reactions, the forward amplitude is zero, the overall 

distribution is consequently broader, and the cross-sections reduced 

by a factor J. The neutrino cross sections (1) and (2) are more 

PS/6643 

~ 
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favourable for measurement, especially as the anti-neutrino beam is 

intrinsically less intense than the neutrino beam. 

The cross-sections for these processes are indicated in Fig. 6 
-".> 

and are of order 10 u of the asymptotic elastic cross-section 

vµ + n-:1>µ- + p; in the region above the threshold of reaction (1), 

they are about 10-3 of the total cross-section. Since the v flux 
e 

is only about 1% of the vµ flux, the rate of (2) will be of order 

10-5 of the total neutrino event rate. Thus, it seems that reaction (2) 

could only be studied, if at all, with massive spark-chamber detectors. 

In the (v,e) scattering reactions, the charged lepton is emitted 

very near to the incident neutrino direction and with about the full 

neutrino energy (e.g. at 20 GeV, 9Z7 mrad). This aspect could be 

used in principle to identify the reaction. However, the deflection 

of the secondary electron through radiation losses, would inhibit the 

identification of reaction (2) in a spark chamber and therefore the 

inverse muon decay reaction (1) seems the only feasible study at 

present. The vµ flux above the threshold for this interaction is only 

a few per cent of the total flux. 

Fig. 7 shows the relative event rates for reaction (1) at 

Serpukhov and CERN per incident proton, the 76 GeV machine yields 

an integrated rate almost exactly 100. times that bf a 25 GeV machine. 
-4: Evidently, even with this s.i tuat ion, which corresponds to 10 of 

-6 the total v-event rate, rather than 10 , such an experiment would 

still be extremely difficult, although it is likely that neutrino

electron scattering processes will account for 1% of all muons more 

energetic than 20 GeV. 

The numbers of events in a 100 ton detector of radius 0.7 m, 
18 

with 3.10 protons on the target, are as follows :-

PS/664:3 
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10 - 15 

15 - 20 

20 - 25 

25 - JO 
JO - 35 

35 40 
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I CERN ( 25 GeV) 

0.39 

Serpukhov (76 GeV) 

6 

23 

16 

8 

i Total ( 40 GeV o.8 101 

2.5. l2_irect_l1eson Producti;?n ,Tests, etc., 

The investigation of the direct production of mesons by neutrinos 

is the only way of inve:ootigating the weak interaction properties of 

these particles. The cross-section for diffraction production off+ 

mesons by the process 

. ( 20 ) . - 3 9 ~?. l 5· • has been esb.mated to be "'-'10 cm at f: - GeV neutrino energy. 

For heavier mesons such as the A1 , higher energies aro needed to 

obtain the same cross-sections. This type of study lends itself well 

to the Serpukhov accelerator. 

The tests of CVC and PCAC can also be studied with advantage 

at Serpukhov. It is predicted that the studies of the variation of 

. . t'' ?IJ . cross-sections w1 11 A would be improved by the availability of 

higher 
. (21) 

energy neutrinos. 

2.6. New Particles 

There are many postulates of possible new particles which 

might be detected in neutrino experiments. In addition to the W 

already discussed, we aoloct the following three types of particles 

as subjects of typically feasible experiments. 

PS/6643 
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a) The scalar boson proposed by Kinoshita( 22 ) would have a cross-

. section of rv'lo-34cm2 for neutrino interactions on complex 

nuclei. In the 1963-65 CERN experiments, a lower limit to 

its mass was set at 4 GeV. An experiment at Serpukhov could 

set a lower limit of;v8 GeV. 

b) Ericson and Glashow( 2J) and more recently Callan( 24 ) have prop

osed that vector bosons have s·trong ·quadratic ·coupling. Such 

particles could be producea in pairs in strong interactions, 

or singly, via intermediate coupling, by neutrino beams. 

Existing experiments set a lower limit of 3 - 4 GeV for the 

mass. Experiments at Serpukhov would raise th.is limit to 7 or 

8 GeV. 

An interesting feature of such a boson theory is that neutral 

and charge-changing currents have equal coupling, except that 

crossing symmetry forbids neutral couplings at low q 2 (as 

observed). For a massive boson, the ratio dOlv + P-7V + p) / 
t<t ) • . f d R Ev q 2 du\V + n~ µ + p is o or er == - _ , instead of the 

Mp Mw2 . . 
value C>( 2 '"--' lo-4 expected for electromagnetic neutrino scatter-

ing in the usual theory. A search at Serpukhov for 

v -t P-7 v + p events of high Ev and q2 in a hydrogen chamber 

coul-a certainly set a 1 imit for R Z lo- 2 (depending .. on neutron 

background) and thus, Mw :> 20 GeV. 

c) Lifetimes and decay modes of a group of heavy leptons which 

could participate together with Vµ ~nd 0e in th~ lepto~ic 

PS/6643 

current have been calculated bys. Gerstein and V~·Foiomeshkin~ 25 ) .. . 

These particles could have the same or different quantum num

bers as the known leptons and might be produced by the reaction: 

* -µ - -1 µ + v µ + v µ , e - + v e + v µ , 1t + v µ , K+ v µ , n 1t + v µ etc • 

Lifetimes have been estimated to be io-11 to lo-13 oecs.,-for 

masses between 1 and 2 GeV. The CERN results .set lower limits 
. ' . ' .l;,.. . •· 

to the masses at about 1 GeV, the Serpukhov f(lcility col,lld 

extend this to about 2 G~V. 

. ... 
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s. Gerstein and also considered a heavy 

lepton A with its own lepton nur1ber and whicl."; could be pro-

+ 1+ + mw duced in the decay W ----; 11. v ,, for mA = T 

w+--4 A+ + VA 

w+ ---;i µ + + v µ 
/'Iv" o.6. 

A POSSIBLE EXPERIMENTAL LAYOUT 

The actual design of an optimized installation for a neutrino 

experiment at Serpukhov would take considerable time. We have not 

made this detailed study, instead we have considered an extrapolation 

of the CERN installation, a procedure which will give realistic results 

but which certainly could be improved in an actual design study. 

The neutrino installation considered here has the following 

features (see Fig. 8) 

1) The focusing syster,1 would be a scaled-up version of .the present 

CERN system. 

2) The muon shield has been designed so that the amount of iron is 

minimum, ( "-·JOOO t in the neutrino fi 1 ter, _,_, 1000 t in the 

decay tunnel wal 1, ,,___,,. 500 t around the tc,rget and R1 ). 

3) The detectors would be one or more of those available at 

Serpukhov: SKAT, MIRABELLE, spark chambers and later perhaps the 

60 rr) hydrogen bubble chamber. 

1±) A built-in muon flux measuring system to determine the neutrino 

spectrum. 

3.1. Neutrino Beam 

The present CERN system is designed to maximize the neutrino 

yield from pions and kaons in the energy range of J to 10 GeV. It 

has been assumed that the momentum spectrum of the secondary par

ticles at Serpukhov will be broadly similar to that at CERN, but 

scaled up in energy by about a factor of three, corresponding to the 

increased proton energy. The neutrino yield for the extrapolated 

PS/66li:J 
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system at Serpukhov has been maximized for parents in the energy 

band of 10 to fro GeV, giving n:-"utrinos from pions ( Vn;) of between 

Ir and 16 GeV and neutrinos from kaons (vK) up to fro GeV. 

For approximately the sa~e radial dimensions as previously for 

the proton beam, the target, the focusing elements and the detector, 

all linear dimensions parallel to the 1 • • oeam a:x:is nctve been trebled 

except those of the focusing elements themselves and the first focus

ing eleoent, whose entry surface requires modification to cope with 

the longer target. 

(B). Computational Results 

A beam design with these principles has been tested by computer 

calculations. The pion spectrum used was that deduced according to 

a modification by Perkins,( 2G) of the Cocconi-Koester-Perkins formula 

and is shown in Fig. 9. The K+/n+ ratio was assumed to bo 0.15. The 

basic parameters used c1re as follows 

Decay path D := 210 m 

Shield length s 55 m 

Target Length l 2.5 :ra 

Radius r := 2 mm 

Proton inter-
i\.p 0.9 action Length 

m 

Detector radius R 0.70 m 

The entry surface of the horn was adjusted to maximize the neutrino 

flux. The absorption length in the target of the secondary particles 

(i\. 8 ) was assumed equal to the interaction length for the primary 

protons The v spectrum calculated for these conditions is shown 

in Fig. 10. The calculated neutrino Spectrum for a single focusing 

element is in agreement with that of Alekseev et al•( 5 ) using the same 

input conditions. 

The "perfect focusing 11 ·curves correspond to the parameters of 

Table 2 and a limiting assumption that any particle entering 1the 

field of a focusing element emerges along tho beam a..'ris. Target 

PS/661±3, 
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the horn ara therefore included in th2 e::~fect foe 

the previously proposed single element system and io within a factor 

2 of that obtained fro~ e:rfcct focus hout the energy range 

cI1oser!o The patenti l sain achievable by sc~rcie radically 

syste~ would at first si t appear to be fairly 

swall, but it ~ust not be overlooked that the er feet f\:;;cusing n cv.rve 

itself will edo 

It ~ust be appreciated therefore that this dat~ c~nnot exclude that 

further substantial ov,2~·~1 en t ;_; 

;c~eters. 3 i :f i Cal1. t ove~enta may corae also from a refined study 

of the target des 

T~e diDensions of the focus 

The requirement to focus the 

fast ejected protons onto a ~ ra3 dia~eter target is feaaible for ~ 

syBteL.~10 

SI-1iel 

S~nield part of the cost of ne~trino 

expeririilient.s. The si~e of the shielding should be 

possible, not only because of the expense of s~ield 

also because cf t~a loss oI neutrino flux density due to the reduction 

ir1 solid ~u1.gle or deca:-f 12ng tl~:. A thickness of about 50 of 

This filter t~ickness could ~e adjusted ~a soon as the 

results of t~:e µarticle proc1uct:i_on E:xperir,1ents are available. 

Table J illustrates the gain in neutrino flux, in a given lay

out, for a filter of half the thickness required if it were iron. 

Such a thin shielding would be sufficient if the central core consisted 

of uranium (rJ84o t) or if it were magnetized. The feasibility of 

magnetizing the neutrino filter and the corresponding muon flux dis

tribution will be studied further in detail. 

PS/6643 .... 



- 19 -

S~<.etc~1ed ir1 fi'ig • 8, t:he decay tunne 1 t?t.11.d th.e 50 z~~ 

iron filter are designed so that a detector area of 6 m width and 6 

is free from muons. Due to the narrow decay tunnel, 

detectcr surf.ace is s~ielded by tI:-ie side i:-.¥alls consisting of.-...._.,/ 25000 t 

of concrete and ·""-" 700 t of iron. The reduction in neutrino flux 

above 5 Ge'V is or1Iy a fet-il' p,ercen t, as lcng ~:.s tl'le decay tunnel t""lidtb. 

Th.e n1uo11. flu:;c distribu.tion 

calculated for a homogeneous iron filter is shown in Fig. 12. 

studies are needed on the modification due to the concrete valls. 

To measure the muon flux distribution(~ J·4) transverse gaps or 

channels must be foreseen. As in the present CERr·J layout, a r:1ercury-

filled pipe on the axiB of the r:hielding could give e. muon test bea:;::: 

for the neutrino detectors. 

J.J. Detectors 

Due to the low cross-section neutrino interactions, a detector 

containing a large nass of target material is needed. 

finally chosen should be determined by the type of reaction of inter-

est and the m~thods of their identification. 

\L·0le consider t~'1ree lo~rge b1J.bble ch.an1bers : SICP~T 1 f-'1IH.ABELLE and 

the 6on;) hydrogen bubble cha';:ber :3roject of Dubna, and for a coriparison, 

100 tons of iron plntea, which is ~n ~pproxinate 

seal for the Cerpukhov energies of 1 • ear .Jl.1.er spark chamber neutrino 

In table 1 7 the expected numbers of elastic and inelastic even~s 

are presented for these detectors. 

3 0 l_f.:. Determination 
-. .... 

neutrino filter has been used to determine the neutrino spectrum. 

This is possible since the ~uon flux within about 70 cm of the axis 

of the shielding comas ~ainly from pion decay; there is only a small 

PS/6643 



- 20 -

contribution of kaon decay muons. This separation is due to the 

fact that the pions and kaons are well collimated, and to the larger 

energy released in the kaon decay. Henc'C! the muon flux as a function 

of the filter depth is a nH;aL>Ure of the momentum spectrum of pion 

neutrinos. The high energy part of the neutrino spectrum, due to 

the kaons, must be deduced from the experimental K/rc production ratio. 

From detailed calculations of both the neutrino spectrum in 

the detector plane and the muon flux nt sever':ll depths in the filter, 

one finds that the correlation between muon and neutrino fluxes is 

strongest for Pv ~;S, Pµ min,.t;.1. 5 Pv where Pµ min is the lowest momentum 

of muons which can reach the point of observation in the filter. In 

order to obtain the neutrino spectrum between 4 and 14 GeV/c for the 

layout of Fig. 8, it is necessary to measure the muon flux for at 

least 6 filter depths; an nn example, the following table shows for 

a certain choice of r!leasurement planes, how the pion neutrino spectrum 

can be derived from the number of muons traversing these measurement 

planes 

l measurement plane I 2t iron depth J .J I 9.3 !10.5 Im 
I 
[GeV/c I II I'·. 5 corresponding Pµ min 5.9 9.3 ~2.B ~ 118 

r--E-, _f_f_e_c_t_1_· v_e_n_e_u_t_r_i_n_o--~--+11-L-. ----.
1111

1t--1-
6
-----+-

8
-, ---r+;:

1

,·-0----1-1-l-?-.. ----+1-·----1 ~=/··:-- --
moment um I - I . - ,I. 

14 

Neutrinos per m2 per 1 i 
GeV, ::weraged over j 026R I .0254 .OJ.8lrll .0155 .0108! 
70 cm radius detector 'i • " _, lj.

1 I j L per muon observed j I ! 

.0123 

The detailed relationships depend on the focusing currents and 

on the detector size. Proton intensity and focusing current monitors 

must be operated continuously during a neutrino experiment. If the 

pion spectrum is not known, a differential fit to the muon flux dis

tribution must be made varying the parameters in one of the empirical 

PS/661,i,J 
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pion production formulae, By measuring the muon flux during the 

whole neutrino experiment, the corresponding absolute neutrino 

spectrum can be determined to about 10% up to 14 GeV/c. The accuracy 

above 14 GeV/c depends on the knowledge of the K/n: production ratio. 

The errors are unlikely to exceed 15%, the overall precision of 

course depends strongly on the homogeneity of the iron filter. 

CONCLUSIONS 

This report is not intended as a presentation of specific 

propo~als for neutrino experiments, but rather to illustrate the type 

of programme which we consider feasible for the next phase of higher 

energy neutrino experiments. 

The general conclusions are : 

1) Neutrino beams offer the only possibility of studying many of 

the most fundamental problems of weak interactions, especially 

those concerned with high momentum and energy transfer. A 

neutrino installation at Serpukhov 1 aimed specifically at 

neutrino energies above 10 GeV, would make a decisive and unique 

contribution in this fiold, and study a wide range of problems 

not otherwise accessible. 

2) Higher energy neutrino experiments will bu technically complex 

and difficult, requiring not only large detectors and long 

running time, but very careful planning, especially in regard 

to monitoring of neutrino fluxes over a wide energy range. We 

believe these technical problems are soluble, and that the 

effort required is justified in relation to the scientific 

interest of the subject. 

3) The neutrino processes we have considered could not possibly all 

PS/6643 

be studied by one type of detector alone. A giant hydrogen 

chamber would be the only satisfactory instrument for detailed 

investigation of the energy dependence of elastic and single-

pion cross-sections and nautral currents. The same chamber, 

using neon, or a heavy liquid chamber, would be necessary for 
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evaluation of complex inelastic processes up to very high 

energies (rv50 GeV). A massive spark chamber array is the 

only conceivable instrument for study of neutrino-electron 

scattering. It is clear that the question of suitable detectors 

is related very closely to the priorities in the physics pro

gramme envisaged. 

~) A simple sacling-up of the existing CERN neutrino beam system 

could provide fluxes which would be comparable to existing 

installations at neutrino energies below 5 GeV and much more 

intense above. A more refined study should still further 

improve this situation. 

ACKNOWLEDGEMENTS 

We record our appreciation of the invitation by our colleagues 

from Serpukhov to prepare this report. Our thanks are due to many of 

our other colleagues also for individual and enlightening exchanges 

of view; especially J.S. Bell, C. Franzinetti, T.B. Novey, R. Palmer, 

T. Rijken, B. Roe and H. Yoshiki. 

We thank Mme Cabel and Miss Sleap for their help in the 

preparation of the text and diagrams. 



R E F E R E N C E S 

1. DANBY A. et al., 
Physics Rev. Letters 2_, 36 (1962). 

2. BLOCK M.M. et al., 
Phys. Letters.!:.£, 281 (1964). 

3. BERNARDINI G. ct al., 
Phys. Letters .!l' 86 (1964). 

4. NOVEY T.B., 
Proceedings Royal Society, A.301, 113 (1967). 

5. ALEKSEEV N.v., GERSTEIN s.s., MARKOVA s.M., 
FOLOMESHKIN v.N. and SHUKEILO I.A., 

Serpukhov Report No.IFVE 6733 K (1968). 

6. VENUS W., 
To be published. 

7. PERKINS D.H., 
CERN/EFCA 67/16, ~' 1 (1967). 

8 • RAMM C. A. , 
Nature, .£.!1., 913 (1968). 

9. MOHAPATRA R.N., RAO S.J. and MARSHAK R.E. 
Phys. Rev. Letters _gQ, 19 1 1081 (1968). 

10. BERNARDINI G. et al., 
Nuovo Cir.1ento 38, 608 ( 1965). 

11. BURNS R. et al., 
Phys. Rev. Letters 15, 42 (1965). 

12. WU A.C.T., YANG C.P., FUCHEL K. and HELLER S, 
Phys. Rev. Letters~' 57 (1964) 

and 

BURNS R. et al., 
Proc. Inf. Conf. on Neutrino Physics, CERN 65-32. 

13. YAMAGUCHI Y., 
Prog. Theoretical Phys. 35, 914 (1966). 

PS/6643 
. ... 



- 2 -

14. PATY M., 
CERN 65-12. 

15. GLASHOW s.L., SCHNITZER H.J. and WEINBERG s., 
Phys. Rev. Letters _19, I±, 205 (1967). 

16. CZYZ W., SHEPPEY G.C. and WALECKA J.D., 
Nuovo Cimento 34, 404 (1964). 

17. LEE T.D. and YANG C.N., 
Phys. Rev. 126, 2239 (1962) 

18. ADLER S.L., 
Proceedings Int.Conf. on Weak Interactions 

ANL-7130 (1965). 

19. KHONG Nguyen Tki, 
Dubnn preprint P2-3647. 

20. ROE B., 
To be published. 

21. L¢VSETH J. and FR¢YLAND J., 
To be published. 

22. KINOSHITA T., 
Phys. Rev •. Letters 4, 378 (1960). 

2J. ERICSON T. and GLASHOW S.L., 
Phys. Rev. 1.121 Bl30 (1964). 

24. CALLAN C.G., 
Phys. Rev. Letters_§£, 809 (1968). 

25. GERSTEIN S. and FOLOMESHKIN V., 
Serpukhov preprint, IHEP 67-57-K. 

26. COCCONI G., KOESTER L. and PERKINS D., 
u.c.R.L. 10022 (1961). 

PS/6643 •• 0 • 



E v 

T A B L E 1 

A) INELASTIC NEUTRINO EVENTS 

2 SKAT + CF3Br (lm x 4m) 

(r-. 6 E lo-38 2 u= o. x cm v 
per nucleon) 

6om3 HBC 

10 - 20 GeV 2.8 x 104 

(6m2 x 4.5m) 

4:.7 x io3 

i.6 x io3 20 - JO 

JO - 40 
" 
" 

40 - 50 " 

1.0 

2.8 

x 

x 

510 

104 

io3 470 

80 

r- -J8 2 
B) ELASTIC EVENTS v + n -7 µ + p (o = O. 75 x 10 cm 

5 - 10 

10 - 20 

20 - JO 

) JO 

MIRABELLE D2 

(lm2 x Jm) 

660 

107 

20 

5 

per neutron) 

6om3 HBC 

(6m2 x 4.5m) 

4000 

640 

120 

JO 

The estimates assume the spectrum of Fig.10 and J x 1018 protons 

on the target of the magnetic horn. 
- + For elastic antineutrino events vµ + p~ µ + n in H2 or n2 , divide 

above numbers by .......... 3. 

For elastic hyperon events vµ+ p 1 n-7 µ.+ + /\, 2., in H2 or n2 , divide 

above numbers by ..-v30. 

A heavy liquid chamber is probably not suitable for precise measure

ments of elastic cross-sections at high energy, because of the lack 

of kinematic constraints and the ensuing energy - dependent back

ground problems. 

PS/6643 



TABLE 2 

TABLE OF PARAMETERS OF EXCITATION OF NEUTRINO FOCUSING DEVICES 

Rl R2 R3 

Location from target (m) 0 '*o 120 
Peak current (kA) . '*00 500 500 . 
Energy of storage capacitor (kJ) 200 200 150 
Capacitor voltage (kV) 12 12 12 
Pulse duration (µs) . 200 200 150 . 

T A B L E 3 

CALCULATED GAIN IN NEUTRINO FLUXES FOR A MODIFICATION 

OF THE DECAY LENGTH FROM 200 m to 225 m AND 

OF THE SHIELD LENGTH FROM 50 m to 25 m 

(TUNNEL WIDTH 3m, DETECTOR RADIUS 1 m) 

E ( GeV) 2 
v 3 5 7 10 15 20 25 

v 
1t 

1.38 1. 25 1.15 1.12 1.12 1.12 1.11 

VK 1. 26 1.38 1.39 1.36 1.17 1.15 

PS/664:3 
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